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■ A pure spin current injector is proposed based on adiabatic pumping and crossed normal/ Andreev 
reflection. The device consists of a three-terminal ferromagnet-superconductor-semiconductor sys- 
tem in which the injection of a pure spin current is into the semiconductor which is coupled to the 
superconductor within a coherence length away from the ferromagnet enabling the phenomena of 
crossed normal /Andreev reflection to operate. Quantum pumping is induced by adiabatically mod- 

CN) ' ulating two independent parameters of the ferromagnetic lead, namely the magnetization strength 

and the strength of coupling between the ferromagnet and the superconductor. The competition 
between the normal/ Andreev reflection and the crossed normal/ Andreev reflection, both induced 
by pumping, leads to non-local injection of a pure spin current into the semiconductor. The exper- 
imental realization of the proposed device is also discussed. 

■ PACS numbers: 73.23.Ra, 5.60.Gg, 72.10.Bg 
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I. INTRODUCTION 



In the past few years there has been a lot of interest in the field of spintronics 1,3 which aims at creating devices based 
on the spins of electrons. Conventional electronics deals with charge transport and it is based on number of charges 
and their energy but the performance of charge based conventional electronics is limited in speed and dissipation. On 
the contrary spintronics is based on direction of spin and spin coupling and it is capable of much higher speed at very 
low power~. Spin transport in addition is much more resilient to impurities than charge transport since spins wont flip 
until and unless there are magnetic impurities. Recent studies have shown that spin coherence persists for hundreds of 
' nanoseconds over hundreds of microns^ and further spin transport is largely insensitive to temperature. Further spin 
based electronics promise greater integration between the logic and storage devices and the generation, manipulation 
Q\ • and detection of spin currents have been the object of intense theoretical research in recent V ears£i£i2iiLi2iiiii2iiii. 

Many spintronics devices, such as the spin valve and magnetic tunnelling junctions^, are associated with the flow 
m , of spin polarized charge currents. Spin polarized currents coexist with charge currents and are generated when an 
imbalance between spin up and spin down carriers is created, for example, by using magnetic materials or applying 
. a strong magnetic field or by exploiting spin-orbit coupling in semiconductors^. More recently, there has been an 
increasing interest in the generation of pure spin current without an accompanying charge currents*. The generation 
of a pure spin-current is only possible if all spin-up electrons flow in one direction and equal amount of spin-down 
electrons flow in the opposite direction. In this case the net charge current I c harge = I+i + I-x vanishes while a finite 
spin current I S pi n = I+i — I-x exists, because I+\ = —I—i, where I + i or I_\ are the electron current with spin up or 
I ■ spin down. 

One of the main problems with spintronics is the difficulty in generating and transporting a spin current, i.e., spin 
injection into a semiconductor—. The ohmic injection from ferromagnet has low efficiency because of the conductivity 
mismatch and almost all of the spin polarization is lost at the interface^. Therefore pure spin currents generation 
can be the most efficient tool for spin injection. One of the ways of generating pure spin currents is through the use 
of quantum pumpingi£. In fact an experimental realization of a quantum pumping procedure has already shown to 
work and generate a pure spin currents*^. In our work a pure spin current injection method is presented based on 
the principles of quantum pumping. We propose a novel device made of a three terminal hybrid structure, in which 
a ferromagnet and a semiconductor kept at a small distance apart (less than the superconducting coherence length), 
are contacted with barriers of strength V\ and V2 to a superconductor (see Fig.l). The quantum pumping mechanism 
is incorporated by adiabatic variation of the magnetization strength in the ferromagnetic lead and the strength of the 
contact barrier at the ferromagnet-superconductor interface. It should be noted that there is no voltage bias applied 
to either the ferromagnet, the semiconductor or the superconductor, all being kept at the same chemical potential. 
Adiabatic modulation of two independent parameters is the only mechanism by which a pumped current is generated 
locally in the ferromagnetic lead and more importantly nonlocally in the semiconducting lead. As the main result of 
our study we find that at a particular value of the magnetization strength and the contact barrier strength a pure 
spin current can be generated in the semiconducting lead. This effect makes possible the use of our device as a pure 
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FIG. 1: The proposed device: a ferromagnet and a semiconductor kept at a small distance apart are contacted with a super- 
conductor. The contact barriers are indicated by the arrows. The distance (I) between the ferromagnet and semiconductor 
leads is much less than the coherence length (£) of the superconductor, i.e., / <C £• 

spin current injector and offers a possible solution to spin injection problems. The distinguishing characteristic of our 
proposal is non-locality, while previous proposals generated pure spin currents in the semiconductor locally our work 
creates the same non-locally. 

The two phenomena on which the operation of the proposed device relies, are adiabatic quantum pumping and 
crossed normal/ Andreev reflection. Adiabatic quantum pumping is a mean of transferring charge and/or spin carriers 
without applying any voltage bias by the cyclic variation of two device control parameters. The theory of adiabatic 
quantum pumping was put forth by P. W. Brouwer— . In 1999, an adiabatic quantum electron pump was reported in 
an open quantum dot where the pumping signal was produced in response to the cyclic deformation of the confining 
potential^. The variation of the dot's shape squeezes electronic wavefunction in or out of the dot thus 'pumping' 
electrons from one reservoir to anothe»22i2i. The AC voltages applied to the quantum dot in order to change the 
shape result in a DC current when the reservoirs are in equilibrium. This non-zero current is only produced if there 
are at least two time varying parameters in the system as a single parameter quantum pump does not transfer any 
charge. Later on the study of adiabatic pumping phenomenon has been extended to adiabatic spin pumping both in 
experiment as well as theorjiiflii^. In the experiment on quantum spin pumping one generates a pure spin current via a 
quantum dot by applying an in plane magnetic field which is adiabatically modulated to facilitate a net transfer of spin. 
In addition to investigations of pumping in quantum dots, theoretical ideas have been put forward for spin pumping 
in quantum wire922i2i2i, spin-chains^, semiconductor heterostructures^, magnetic barriers^, spin-turnstile 2 ^, in 
presence of a superconducting lea d 28 i 29 i 30 , incoherent spin pumping 3 ^ and in carbon-nanotubes^. 

Crossed Andreev reflection 33 , on the other hand, refers to the phenomenon when a spin up electron incident 
at the ferromagnet-superconductor interface with energy below the superconducting gap is not reflected as a spin 
down hole in the same ferromagnetic lead (Andreev reflection) but is reflected in the other lead which may be 
ferromagnetic/normal/semiconducting. For this to happen, the ferromagnetic lead must be placed at a distance less 
than coherence length of the superconductor from the ferromagnetic/normal/semiconducting lead, as in Fig.l. The 
phenomenon of crossed Andreev reflection can of course be maximally enhanced when both leads are ferromagnetic 
with opposite spin polarizations as shown in Ref . |33j| where the distance between the ferromagnetic leads (which are 
half-metals with opposite spin orientations) is neglected, implying an effective one-dimensional model. In our work 
we do not take into account the separation between the leads (the one-dimensional model) and further the leads are 
not half-metals, one is a ferromagnet while the other is a semiconductor. 

The phenomena of crossed Andreev reflection has been explored in a large variety of systems, for details see 
Ref.[35|]. A related phenomena which can occur but only in the presence of a voltage bias is known as electron 
cotunneling2&. In this phenomena an electron can tunnel into the superconductor from the ferromagnet and then 
again tunnel out into the other lead placed at a distance less than the coherence length of the superconductor. Of 
course this effect will be maximally enhanced when both leads are ferromagnetic with identical spin polarizations. 
In the adiabatic pumping regime the probability of electron cotunncling is almost nil. It must be emphasized that 
in a recent worki£ a spin injector was proposed based on crossed Andreev reflection and electron cotunncling. In 
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Ref.|13|. competition between these two processes leads to a pure spin current injection into the semiconductor. In our 
proposed device, electron cotunneling ceases to operate. The only means of transport is through quantum pumping, 
and because of the competition between normal/ Andreev reflection and the crossed normal/ Andreev reflection at the 
semiconductor/superconductor interface a pure spin current injection into the semiconducting lead can be obtained. 

The organization of the paper is as follows: In Scc[n]we derive the pumped current in our device by a scattering 
matrix approach. In particular, we derive analytical expressions for the charge and spin currents in the lowest order 
of the contact barrier strengths. In Sec. IHII we present our results for the weak pumping regime as well as the strong 
pumping regime. In particular we will show that a pure spin current injection in the semiconductor can be obtained 
at particular values of the pumping parameters. Finally in Sec lIVI we discuss the possible experimental realization of 
the proposed device and give the conclusions in SeclVl 



II. THEORY 



In the device shown in Fig. 1, we consider the pumping of charge/spin carriers by adiabatic modulation of the 
magnetization strength (h ex = ho + h p sm(wt)) in the ferromagnet and of the contact barrier strength (Vi = Vq + 
V p sin(u>i + (j))) at the ferromagnet-superconductor interface. To study the current pumped in such a system we apply 
the scattering matrix approach^LS. To calculate the scattering amplitudes we start by writing the wave function 
for an electron with spin a incident at the ferromagnet-superconductor junction which is given by: 



X \jvU + f°\s^ FF e^ x + QW^e-^in the ferromagnet, 





i ~ he ^<i x I ( \ Q ee ^~^Q X 



*s™ = I 1 )S^ SmF e lqx + I Q )S% SmF e tqx , in semiconductor, 



vl \u 



andjVE'sc = a a ( U ] e lk+x + (3 a ( V ] e lk x in the superconductor. (1) 



where the wavevector in the ferromagnet is given by p„ — \ 4jp \JE F ± e + ah ex , in the semiconductor is given 



by g ± = y ^y/Ep ± e, and in the superconductor is given by fc ± = J ^ \j E F ± \f? — A 2 , h ex represents the 
exchange field in the ferromagnet, A being the superconducting gap and E F is the Fermi energy. In Eq.Q), S% e FF is 
the amplitude for Andreev reflection , S^ e SmF the amplitude for crossed Andreev reflection , S^ e FF the amplitude for 
normal reflection, and finally S^ e SmF the amplitude for crossed normal reflection, u and v are the superconducting 
coherence factors. In similar fashion one can write the wavefunction for an electron injected with spin a in the 

semiconductor. In the Andreev approximation^, we take k + = k~ = k F = 2 " f F . 

The scattering amplitudes for electron/hole with spin a injected from either leads are calculated by applying the 
boundary conditions that are set-up by matching the wave- functions at the interface and from current conservation 
at ferromagnet-superconductor and semiconductor-superconductor interfaces: 



^ F (X = 0) + $Sm(x = 0) = ^ S c(x = 0), 

^ ( ._o)-!^(,-o)-2^.*(,-o), 

d^sm , = o) _ M S c n , 2mV 2 
dx dx 



and, — i^(x = 0)~-j^(x = 0) = — ^* Sc (a: = 0). (2) 



Solving the system of equations arising from the above boundary conditions, all the scattering amplitudes are 
obtained. Similarly, for the injection of a hole from the ferromagnetic lead, one can determine the following scattering 
amplitudes FF (for Andreev reflection), S^ h FF (for normal reflection), S%. h SmF (for crossed Andreev reflection) and 
S^ h SmF (for crossed normal reflection) in the semiconductor. The explicit expression for the scattering amplitudes of 
the crossed/normal Andreev reflection can be found in Ref.^(J. I* 1 the same manner one can derive the scattering 
amplitudes for electron or hole injection in the semiconducting lead. In the following we take the Fermi energies in 
the semiconductor and ferromagnet to be in line with the superconductor, hence e = 0. 



4 



Due to the cyclic variation of external parameters X\ and X 2 , the adiabatic pumped electron current with arbitrary 
spin a in the semiconductor is given by: 

wherein, t = 2ir/w is the cyclic period, w is the pumping frequency and q e represents the electronic charge. dj ^ STT1 
is the electronic injectivity&^i in the semiconducting lead given at zero temperature by 

dN e a 1 

dx" 1 = 2^ ^ ^Sm^XiSTm^+^s'm^^St^J, with, j=l,2 (4) 
3 0=F,Sm 

where, X\ = Vi, and X2 = h ex . 3 denotes the imaginary part of the quantity in parenthesis. The first term is the 
injectivity of the electron due to the variation of the modulated parameter, i.e. the partial density of states (DOS) 
for an electron coming from either the ferromagnet or semiconductor and exiting the system as an electron in the 
semiconductor, and the second term is the injectivity of a hole, i.e., the DOS for a hole coming from the semiconductor 
or ferromagnet and exiting the system as an electron in the semiconductor. Similarly, one can calculate the pumped 
hole current in the semiconducting lead and it is given by the expression, with q e replaced by the hole charge qh and 
with e replaced by h in Eq.4, as below: 



h _wg h r dN* Sm dX 1 dN* Sm dX 2 

a ' Sm 7T L T[ dXl dt dX 2 dt J 



(5) 



dN 

"is the hole injectivity in the semiconducting lead given at zero temperature by 



dXj 



dX, 2tt 



In the weak pumping regime i.e., h p <C ho and V p -C Vq, the adiabatically pumped electron current into the 
semiconducting lead can be written as bekW2&, with Zi = 2 ™^i (i = 0, 1, 2,p), h — h p /Ep and h = ho/Ep: 



wq e sin((/))zph 

Similarly, the adiabatically pumped hole current into the semiconducting lead can be written as: 



re Wq e SHl((p)Zpll x ■> CMS o*> ee p> Q*,&e ■ a q*,c/i r, Q*,eh 1 /-n 

f3=F,Sm 



T h _ w 1h sm((f))z p h >— ^ * fhh t hh *j le * j/te 

1 a,Sm — ~ 2-^1 ^y Uz o D <7,Sm0 U fi^cr,Srn/3 ~^ Uz D cr,Srnl3 U 'i O cr,Srn/3\- \° ) 

/3=F,Sm 

In the following, q e = —qh- Further, since for s-wave superconductor the scattering amplitudes satisfy the condition 

{^a,SmSm)* = ^a%mSmi (^Sihf)* = ^SmF> &n( ^ (^a,SmSm)* = ~S<r?SmSm> (^.Smf)* = ~S<r*SmF ( wnere * denotes 

complex conjugation of the scattering amplitude), the pumped hole and electron current are exactly the same, and 
because of this we only derive the expressions for the pumped electron current with arbitrary spin index understanding 
that it is exactly equal to the pumped hole current. Similar to the above expressions one can write the pumped 
electron/hole current with arbitrary spin index into the ferromagnetic lead. Since our focus is the use of this device 
as a spin injector, we confine ourselves to the semiconducting lead only. 

From the reflection amplitudes (crossed Andreev/normal)^ and in the weak pumping regime (see Eq. 7), one can 
derive the pumped electron current, charge and spin currents in the semiconducting lead up-to first order in contact 
barrier strengths z a = and z 2 = fr^r (assuming z and z 2 are small). The explicit expression for the current is 

(with , h — ho/Ep): 

h = n,smih = y~^ [a + aB ° + c ° ],d2 ' (9) 
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where 

la = {wq e sin(<p) z p h')/w, 

D = -7 - 2(Vl - oh + VT+ ah){\ + 2\J\ - h 2 ) + Qy/l - h 2 - Ah 2 

A = 16/i(l - h 2 ) + Uhy/l - h 2 , 

B a = y/l - h 2 (2 + Ah 2 ) - 14(1 - h 2 ) -VT+ ah(10 + 12/i 2 )Vl - ah{-A + 8h 2 ) 

+ Vl + (Jh\/l - h 2 (-A - A8h 2 ) + Vl - oh\j\ - h?{h - 36h 2 ), 

C CT = Vl - ct/i(36/i 3 - 32ft) + s[\ + ah(-36h 3 + 58h) - y/l - ahy/l - h 2 (A6h) 

+ Vl + <rh^/l-h 2 (60h). (10) 

One should notice that up to first order there are no terms involving zq and z^ as the first terms involving zq or z-i 
that appear in the expansion are of order O(zf), i — 0, 2. From Eqs. (|9ll()Jl the charge and spin current pumped into 
the semiconducting lead are derived as below: 

I spin =1+1-1-1 = -j—^[-28(l-h 2 ) + X(-Ah 2 -U + Y(l-8Ah 2 )) -W(26h-106hY)]/D 2 , (11) 

Icharge = hi + I-i = 1 Z ~f^ [28ftF + 32fe(l - h 2 ) - W(6 + 20h 2 + (9 + l2h 2 )Y) - X(26h + UhY)]/D 2 . (12) 

where, X = y/1 + h + y/1 — h, Y = \/T— h 2 , W = \A + h — \/l — h and D as in Eq. (10). At the value of the exchange 
field h = 0, the charge current is zero while the spin current is finite. Let us note that since we considered a one- 
dimensional model (see also Ref . |33| ) the distance / between the ferromagnet and the semiconductor does not appear 
explicitly in the result for the pum ped current, further the width of the ferromagnetic and semiconducting leads is 
not taken into account. In Ref. |34| both these characteristics have been incorporated and it has been explicitly shown 
that crossed Andreev reflection ceases to be effective in the limit when the separation between the leads approaches 
the superconducting coherence length. Although the considered one-dimensional transport model we have considered 
is simplistic, it captures the main physics of crossed Andreev reflection. 



III. CHARACTERISTICS OF THE PUMPED CHARGE AND SPIN CURRENTS 



The results for the pumped charge and spin currents both in the weak as well as strong pumping regimes are plotted 
in the Figs. 2-6. In all the figures the parameters are in their dimensionless form. The weak pumping regime can be 
described through Eqs. (9-12) and it is shown in Figures 2(a), 3(a) and 4(a), as well as through Eq. (4) as shown in 
Figure 6(a). In Figures 2(a), 3(a) and 4(a) the currents are scaled by a factor Io, while in Figures 2(b), 3(b), 4(b) 
and in Figures 5 and 6, they are in units of wq e /ir and are multiplied by (-100) for better visibility. 

In Fig. 2(a), we plot the exact results in the regime where contact barrier strengths are neglected [see Eqs. 9-12]. The 
figure shows that at the value of the normalized magnetization strength h = 0.0, we have zero charge current and a 
finite spin current. The arrows denote the points where the charge current is zero. In the inset of Fig. 2(a) the pumped 
spin and charge currents are plotted by taking the contact barrier strength at the ferromagnet-superconductor into 
account while neglecting the contact barrier strength at the semiconductor-superconductor junction. The pumped 
charge current is zero for three distinct values of the magnetization strength. In Fig. 2(b), the results for the strong 
pumping regime are reported. As before the contact barrier strengths are neglected in the main figure, while the 
results in presence of the contact barrier at the ferromagnet-superconductor junction are shown in the inset. Not 
much difference between the weak and strong pumping regimes is observed: in both cases at particular values of the 
magnetization strength a pure spin current is seen. In Fig. 3(a) we plot the pumped currents along with the pumped 
spin and charge currents as function of the normalized contact barrier strength zq at the ferromagnet-superconductor 
interface. The inset shows the currents when the contact barrier strength at the semiconductor-superconductor 
junction is taken into account. Herein, at particular values of zq a pure spin current in the semiconductor is observed, 
while in the inset there is no pure spin current. In Fig. 3(b), the currents for the strong pumping case are plotted. For 
this case whether or not the contact barrier strength is taken into account, there is a pure spin current. In Fig. 4(a), 
we plot the pumped currents along with the pumped spin and charge currents as function of the normalized contact 
barrier strength Z2 at the semiconductor-superconductor interface. The inset shows the currents when the contact 
barrier strength at the ferromagnet-superconductor junction is neglected. Herein, at a particular value of zi a pure 
spin current in the semiconductor is observed, but in the inset no such value occurs. In Fig. 4(b), the currents for the 
strong pumping case are plotted. In both Fig. 4(b) as well as its inset a pure spin current occurs. 
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FIG. 2: (Color online) The pumped charge and spin currents into the semiconducting lead as function of the dimensionless 
magnetization strength h = Hq/Ef in the ferromagnet. (a) The weak pumping regime. Parameters are 20 — 22 — 0. In the 
inset parameters are zo — 2, Z2 = 0. (b) The strong pumping regime. Parameters are zo — 22 — 0, z p = 4.0, h = 0.5 and 
<f> = 7r/2. In the inset parameters are z\ — 2, Z2 — 0, z p — 4.0, h = 0.5 and 4> = -k/2. Herein h = h v j ' Ef and z% = 2mVi/h 2 kF 
with i = 0, 1, 2, p. The arrows indicate the specific places wherein pure spin current flows in the semiconductor. I± denotes the 
spin up and down currents. 




FIG. 3: (Color online) The pumped charge and spin currents into the semiconducting lead as function of the contact barrier 
strength Zq. (a) The weak pumping regime. Parameters are 22 = 0.0, h = 0.5. In the inset parameters are Z2 = 2.0, h — 0.5. 
(b) The strong pumping regime. Parameters are 22 = 2.0, z p — 4.0, h — 0.45, h = 0.1 and <f> = 7r/2. In the inset parameters 
are 22 = 0.0, z p = 4.0, h = 0.45, h — 0.1 and <f> = 7r/2. The arrows indicate the specific places wherein pure spin current flows 
in the semiconductor. 
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FIG. 4: (Color online) The pumped charge and spin currents into the semiconducting lead as function of the contact barrier 
strength 22. (a) The weak pumping regime. Parameters are 20 = 2.0, h = 0.5. In the inset parameters are 20 = 0.0, h — 0.5. 
(b) The strong pumping regime. Parameters are 20 = 2.0, z p — 4.0, h — 0.45, h = 0.1 and <j> = tt/2. In the inset parameters 
are zq = 0.0, h = 0.1, z p — 4.0, h = 0.45 and <j> = 7r/2. The arrows indicate the specific places wherein pure spin current flows 
in the semiconductor. 
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FIG. 5: (Color online) The pumped currents as function of the strength of pumping parameters, (a) The pumped currents 
as function of the magnetization amplitude. Parameters are 21 = 0.0,22 = 2.0, z p = 4.0, h — 0.1 and <f> — tt/2. In the inset 
parameters are 21 = 2.0, 22 = 0.0, z v — 4.0, h = 0.1 and (j> = 7r/2.(b)The pumped currents as function of the amplitude of pumped 
contact barrier strength at the ferromagnet-superconductor junction. Parameters are 20 = 0.0,22 = 2.0, h p = .8, h = 0.1 and 
4> — tt/2. In the inset parameters are 20 = 0.0, 22 = 0.0, h p = .8, h = 0.1 and cj> — tt/2. The arrows indicate the specific places 
in the parameter regime wherein pure spin current flows in the semiconductor. 
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FIG. 6: (Color online) The pumped currents as function of the phase difference, (a) for weak pumping, the parameters 
are h — 0.8, zi = 4.0,22 = 0.0, ft' = 0.1 and z v = 0.4. Notice that the down spin current is almost zero and the pumped 
currents are almost sinusoidal. In the inset, parameters are h = 0.8, zi = 4.0, 22 = 2.0, h' — 0.1 and z v — 0.4. (b) For 
very strong pumping, the parameters are h = 0.1, zo = .4,22 = 0.0, h! = 0.8 and z v — 4.0. In the inset the parameters are 
h — 0.1, 2q = .4, 22 = 2.0, h' — 0.8 and z p — 0.4. Notice that the sinusoidal dependence of the pumped currents is lost. 



The dependence of the pumped currents on the strength of modulated parameter is another crucial indicator of the 
regime parameters in which the pump operates as a pure spin current injector. With this in mind in Fig. 5, we plot 
the pumped currents and the spin and charge currents as function of the strength of the modulated parameter, in (a) 
the magnetization and in (b) the contact barrier strength. A pure spin current appears at particular values of the 
modulated magnetization in Fig. 5(a) and at particular values of the modulated contact barrier strength in Fig. 5(b). 

In Fig. 6, we plot the pumped spin and charge currents as a function of the phase difference <j). In Fig. 6(a), the 
weak pumping regime is shown. In this regime the pumped currents are almost sinusoidal. For the values of the 
parameters considered in the figure, the down spin current is almost zero and an almost pure up spin current is 
obtained. In Fig. 6(b), the strong pumping regime is shown. As expected, the sinusoidal dependence on the phase is 
lost. Furthermore in the inset of Fig. 6(b) we see that for the parameters taken into account one has pure spin current 
at <j> = 7r/2 and 37r/2. This is quite an important result since in this case both the contact barrier strengths are not 
neglected. A question that could arise is related to the magnitude of the pumped spin current. From the previous 
results one clearly sees that the pumped currents are noticeably larger in the strong pumping regime. The device thus 
should be ideally suitable for use in the strong pumping regime. For the parameters considered in Figure 6, taking 
the frequency w around 100MHz as in Rcf.[lj|, the order of magnitude estimate of the pumped current is around 
10~ n Amperes, a value detectable in present day experiments. To summarize the results from all the figures and to 
make sense of all the parameters used, we in Table I list the physical parameters , their values (range as used in the 
figures), their physical meaning and materials wherein these can be realized. 



Parameter^ 


Symbol 


Figure 


Values 


Physical meaning 


materials 


Contact barrier strength 


Zi 


3 and 4 





ballistic contact 


sharvin contacts 


Contact barrier strength 


Zi 


3 and 4 


7^0 


non reflectionless contacts 


tunnel contacts 


Magnetization 


h 


2 


~E F /2 


50% polarized 


NiFe, Ni, Co 


Superconducting coherence length 


€ 


1 




crossed andreev reflection 


s-wave superconductors 
(eg. Aluminium in Ref. [42].) 



TABLE I: A comparative analysis of parameters, values and materials 
In the table, above a sharvin contact is defined when strength of contact barrier is equal to zero. These type of 
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contacts can be realized when a point contact has a size d smaller than mean free path I. This implies completely 
ballistic transport through the contact. In this case an electron is either Andreev reflected in the fcrromagnet or cross 
Andreev reflected into the semiconductor. For non-zero contact barrier strength, the contacts are defined as tunnel 
contacts or non reflectionless contacts, and in this case in addition to Andreev reflection in ferromagnet and cross 
Andreev reflection in semiconductor there can be normal reflection in ferromagnet and crossed normal reflection in 
semiconductor. The finite magnetization h in the proposed device can be obtained by using any type of ferromagnetic 
material e.g., NiFe, Cobalt or Nickel. Lastly the superconductor would ideally be of s-wave type since it has large 
coherence length. A high T c superconductor could also be used in the device but in that case the distance between 
the leads would have to be very small. 

IV. EXPERIMENTAL REALIZATION 

The experimental realization of the proposed device is not difficult. The phenomenon of crossed Andreev reflection 
has been demonstrated in two recent experiments 42 43 . In the experiment of Ref. |42j a sample geometry consisting of 
an aluminum bar with two or more ferromagnetic wires forming point contacts has been considered. By measuring the 
nonlocal resistance in the superconducting state of such structures a spin-valve signal has been observed whose sign, 
magnitude and decay length scale are consistent with predictions made for crossed Andreev reflection. Our suggestion 
is to integrate the quantum pumping mechanism (notably seen in four experiments till date, see Refs. |l7lll8l l44 AF>\) 
into such type of set-up. This can be easily done: the magnetization can be adiabatically modulated by an external 
magnetic field while the strength of the contact barrier at the ferromagnet-superconductor interface can be modulated 
by applying a suitable gate voltage at the junction. This procedure should enable a nonlocal pure spin current 
generation in the semiconducting lead. The detection of the pure spin current could be achieved through a quantum 
spin Hall effect set-up^&. Apart from this method, the spin pump can be connected to a (semiconducting) ferromagnet 
with a known magnetization direction!- , or a gate-controlled bidirectional spin filter 48 could also be used to detect 
the spin current. 

V. CONCLUSIONS 

A novel device for pure spin current generation based on the interplay of adiabatic pumping and crossed An- 
dreev/normal reflection in a three-terminal ferromagnet-superconductor-semiconductor system has been proposed. 
The transfer of charges/spins in the device is achieved by adiabatic quantum pumping without any voltage bias ap- 
plied. Varying the strength of the pumping parameters, namely the magnetization strength in the ferromagnet and 
the contact barrier strength at the ferromagnet-superconductor junction, we have shown that a pure spin current can 
be injected into the semiconducting lead in a completely nonlocal way. As already mentioned in the Introduction there 
are many different ways to inject a spin current into a semiconductor. One of the most commonly used techniques is 
that of using ferromagnets. This technique has been shown to be very inefficient as almost all of the spin polarization 
is lost at the interface. In this work we have used the method of quantum pumping to create a pure spin current in 
the semiconductor itself. Quantum pumping methodology has been used in many recent works to inject spin currents, 
however our work is novel in two respects. Firstly, it invokes non- locality. Almost all proposals which we are aware 
of, invoking quantum pumping to induce a spin current are local, i.e., time dependent voltages are applied directly to 
the semiconductor. What our proposal proves is that, though one does not touch the semiconductor, none the less 
one generates a pure spin current in the semiconductor. Secondly, no ferromagnet-semiconductor interface is used 
and therefore the problem of resistivity mismatch is avoided. As we have shown, the proposed device ideally operates 
in the strong pumping regime where the spin current is noticeably larger than the charge current. The experimental 
realization of such device as a pure spin current injector has also been discussed. 
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